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I. Abstract 
 
Despite a long period of post-orogenic decay, the southern Appalachians maintain 
rugged topography with significant relief. Recent work on the origins of this topography 
has produced seemingly contradictory conclusions: the landscape is in a state of 1) 
dynamic equilibrium, with high topography maintained by isostatic adjustment to 
uniform erosion, or 2) disequilibrium driven by uplift by mantle forcing, stream piracy, 
and/or climate change, producing nonuniform erosion that has increased relief. Here we 
present river longitudinal profile analyses from the Blue Ridge in west-central Virginia. 
We have extracted profiles from 10 m NED DEMs in 72 tributaries along ~30 km of the 
Blue Ridge in the James River drainage basin. Knickpoints, convexities on longitudinal 
profiles, were located using slope-area plots, from which we determined the elevation, 
change in elevation, and slope for each identified convexity. Knickpoints’ underlying 
lithology and proximity to lithological contacts were determined from georeferenced 
geologic maps.  We eliminated from the data set convexities less than 15 m in total height 
and/or less than 0.03 in slope. Using this criteria, we identified 45 distinct convexities on 
41 tributaries. Of these, 31 could not be directly related to lithology, and most cluster 
around an elevation of 700-900 m. We conclude that within the study area, there is 
evidence for migratory knickpoints that are increasing valley relief and hillslope angles, 
producing a rugged, high relief topography.  
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II. Introduction 
 
The Appalachian Mountains, built during a series of Paleozoic collisional events, 
lie along the passive continental margin of North America. Despite ~180 myr of tectonic 
quiescence (Faill, 1998), the range retains significant topographic relief – in some places 
up to 2000 m (Miller et al., 2013). The persistence of topography during long periods of 
postorogenic decay in the Appalachians and other Paleozoic ranges, like the Caledonides, 
Canadian Rockies, and Ural mountains, poses significant questions about the 
geomorphological processes acting on these passive margin landscapes (Baldwin et al., 
2003; Pazzaglia and Brandon, 1996).  Some have suggested that Appalachian landscape 
development proceeds via Hack’s hypothesis of dynamic equilibrium, with uniform 
erosion and isostatic support of topography (Hack, 1960; Matmon et al., 2003). However, 
other work challenges this hypothesis, instead proposing a model of landscape 
disequilibrium, characterized by non-uniform erosion rates which rejuvenate the 
topography (Prince and Spotila, 2013; Gallen et al., 2013; Miller et al., 2013; Hancock 
and Kirwan, 2007). 
According to Hack’s conception of dynamic equilibrium, a slowly decaying 
mountain range is characterized by spatially and temporally constant erosion rates, 
because all hillslopes and channels have had time to adjust to one another (Hack, 1960). 
Appalachian denudation rates have been calculated through sediment budgets, 
sedimentation rates, fission track analysis, and cosmogenic radionuclide dating (Matmon 
et al., 2003; Poag and Sevon, 1989; Pazzaglia and Brandon, 1996; Boettcher and 
Milliken, 1994; Portenga et al., 2013). Some of these analyses conclude that the 
Appalachians are characterized by uniform erosion, in accordance with dynamic 
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equilibrium (Matmon et al., 2003). Others suggest that a sedimentation pulse in the 
middle Miocene, reflective of increased erosion rates during that period, indicates recent 
topographic rejuvenation and contradicts prior estimates of landscape equilibrium (Poag 
and Sevon, 1989; Pazzaglia and Brandon, 1996; Boettcher and Milliken, 1994).  
In addition to sedimentation-based analyses, bedrock river profiles also provide 
significant information about erosion rates in mountain ranges. Knickpoints, convex, 
steep sections in a river profile, can be caused by differential bedrock resistance, uplift or 
base level fall, or a change in uplift rate; depending on the cause, knickpoints may be 
pinned to one location or migrate upstream (Whipple, 2001; Whipple and Tucker, 1999; 
Kirby and Whipple, 2001; Harbor et al., 2005).  Stationary knickpoints often form on a 
graded channel which has adjusted to local uplift or resistant lithology, and do not signify 
differential erosion rates or landscape disequilibrium. Migratory knickpoints, unlike 
stationary knickpoints, are caused by perturbations to a fluvial system such as climate 
change or base level change. These knickpoints indicate rapid incision, and are not 
present in an equilibrium landscape. Recent studies have identified systems of Cenozoic 
knickpoints in Appalachian mountain drainage basins, interpreted as migratory 
knickpoints generated by a wave of incision propagating upstream (Miller et al., 2013; 
Gallen et al., 2013). 
The cause of this incision is poorly understood, and has been attributed to climate 
change, stream capture, and mantle flow dynamics (Hancock and Kirwan, 2007; Prince et 
al., 2011; Prince and Spotila, 2013; Gallen et al., 2013). This study will use longitudinal 
profile analysis of James River tributaries around Crabtree Falls, Virginia as a primary 
tool to explore the presence or absence of active incision in this ancient orogen. 
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III. Past research  
A. Evidence for landscape disequilibrium 
 There is a growing body of evidence that contradicts the dynamic equilibrium 
model for Appalachian topographic development. Many studies suggest a Cenozoic 
disturbance to the eastern portion of the North American continent, such as a change in 
climate or relative base level (Hancock and Kirwan, 2007; Miller et al., 2011; Miller et 
al., 2013; Gallen et al., 2013). This disturbance is evidenced by highly variable erosion 
rates. Appalachian summit erosion rates determined by cosmogenic radionuclides are 
relatively low, with estimates ranging from 5.7 m/my (Hancock and Kirwan, 2007) to 9 ± 
1 m/my (Portenga et al., 2013). Fluvial incision rates determined by offshore sediment 
flux, U-Th/He dating, basin-averaged cosmogenic radionuclides, and fission track 
thermochronology yield values ≥ 2 times faster; these accelerated incision rates relative 
to landscape erosion directly contradict prior estimates of landscape equilibrium in the 
Appalachian range (Hancock and Kirwan, 2007; Portenga et al., 2013). These studies 
suggest that relief is increasing in this landscape via the disparity between fluvial incision 
and summit erosion; if so, the dynamic equilibrium model does not accurately describe 
the geomorphological development of the Appalachians. 
 Further support for a disturbance to the Appalachian system lies in offshore 
sediment yield data. Several sediment pulses have been delivered from the Appalachians 
to offshore basins since the Jurassic, the most recent of which dates to the middle 
Miocene [Fig. 1] (Pazzaglia and Brandon, 1996; Poag and Sevon, 1989). This data is 
corroborated by apatite fission track dating of Paleozoic sandstones, which reveals an 
accelerated rate of cooling in the middle Miocene, consistent with rapid unroofing during 
 8 
 
 
 
Figure 1. Flux of sediment delivered to offshore Atlantic basins based on sediment 
volumes (modified from Pazzaglia and Brandon, 1996). Record begins in the Jurassic and 
continues to present. The most recent sediment pulse dates to the middle Miocene. 
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this period (Boettecher and Milliken, 1994). Incision rates derived from terraces also 
support increased Cenozoic uplift, because the relationship between terrace age and 
terrace height is not linear as would be expected from steady erosion; rather, age goes as 
the square of height (Mills, 2000). 
 In addition to differential summit and fluvial erosion as well as offshore 
sedimentation pulses, bedrock river longitudinal profiles yield further evidence for 
topographic disequilibrium in the Appalachian range in the form of migratory 
knickpoints. Longitudinal profile analyses have been conducted in a variety of locations 
along the Appalachian belt, from Pennsylvania to the Carolinas (Miller et al., 2013; 
Gallen et al., 2013). Two studies in Virginia, focusing on the upper New River basin and 
the upper James River basin, found that both display distinct knickpoints which separate 
low relief remnant landscape from high relief, actively incising channels and steep 
hillslopes (Prince and Spotila, 2013; Harbor et al., 2005). In the upper New River basin, 
glacially driven drainage rearrangement outside of the study area generated a local base 
level fall resulting in incision throughout the channel network (Prince and Spotila, 2013). 
In the upper James River basin, Harbor et al. (2005) suggest base level change or passive 
margin flexure as possible mechanisms. 
Two recent, detailed analyses which explore Appalachian equilibrium in North 
Carolina and Pennsylvania support the findings of Harbor et al. and Prince and Spotila. 
The Cullasaja basin, located in southwestern North Carolina, contains five clusters of 
knickpoints, with relief, slope gradient, and landslide frequency significantly elevated 
below the knickpoints (Gallen et al., 2011; Gallen et al., 2013). Similarly, the 
Susquehanna River drainage basin in the central Appalachians contains a set of 
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knickpoints between 300 and 600 m in elevation, with low erosion rates above 
knickpoints and high erosion rates below (Miller et al., 2013).  In the Cullasaja basin, 
knickpoints are likely the result of base level perturbations, and are critical for 
maintaining the rugged southern Appalachian landscape (Gallen et al., 2011). In the 
Susquehanna basin, knickpoints have also been linked to base level changes; Miller et al. 
suggest ~100-150  m of relative base level fall as their most likely origin, estimated from 
reconstructed channel profiles. These studies propose Neogene mantle flow changes 
associated with the subducted Farallon slab (Moucha et al., 2008) as the driving 
mechanism for this topographic rejuvenation (Miller et al., 2013; Gallen et al., 2013).  
 
B. Theory and applications of profile analysis 
Profile analysis and knickpoint migration modeling can be used to explore the 
initiation and distribution of knickpoints within a channel network. Migration modeling 
indicates that knickpoints which share a common origin travel based on a power function 
of drainage area (Crosby and Whipple, 2006; Loget and Van Den Driessche, 2009; 
Castillo et al., 2013). Because the migration of knickpoints goes by a function of drainage 
area, knickpoints that share a common genesis will cluster at the same elevation in a 
watershed (Niemann et al., 2001; Miller et al., 2013) [Fig. 2]. Based on this, knickpoints 
distributed randomly with respect to elevation lack a common origin, and are likely 
related to local phenomena such as rock type. These models for correlation of many 
knickpoints through a drainage basin will help determine whether knickpoints in the 
study area share a common source, or are independently generated by local phenomena, 
such as lithological changes or structural setting. 
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Figure 2. Longitudinal profiles and knickpoints (modified from Miller et al., 2013). 
Trunk stream and tributary profiles are shown with heavy black lines. Open circles mark 
low (< 200 m) elevation knickpoints, and shaded circles mark high (> 200 m) elevation 
knickpoints. Geologic provinces crossed by the trunk stream are delineated above the x-
axis. The common elevation of many knickpoints suggests a single origin. 
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This study will use longitudinal profiles of rivers in the study region as a primary 
tool to understand relative equilibrium in the landscape. A river in equilibrium, also 
known as a graded channel, receives the same flux of material into each stretch of the 
river that it removes as flux out. The ability of a flow to erode is known as its stream 
power, and is proportional to a flow’s slope, discharge, and width (Howard and Kerby, 
1983; Stock and Montgomery, 1999). To move the same amount of material in the 
headwaters where discharge is small, the stream must be steep and narrow; at the river’s 
mouth, the stream is wide and gently sloping, but the discharge is large.  
Total upstream drainage area can be substituted as a proxy for discharge, because 
a larger upstream drainage area means more water is contributed to that point in the 
channel. Slope of a channel is related to drainage area by the function  
 
 ! = !!!!! 
 
where S is slope, Ks is the steepness index, A is drainage area, and θ is the concavity 
index of the river (Hack, 1957; Flint, 1974; Howard and Kerby, 1983).  In order to better 
compare the steepness indices of many rivers, concavity is often held at a fixed reference 
value (θref). The steepness index obtained from using this reference concavity is called the 
normalized steepness index (Ksn) (Miller et al., 2013; Gallen et al., 2013). 
A graded stream has the same steepness and concavity values for its entire length. 
Because this equation has the general form of a power function, a plot of log(A) vs. 
log(S) results in a linear relationship for a graded channel. A change in θ changes the 
slope of the line, and a change in Ks changes the Y-intercept (Duvall et al., 2004) [Fig. 3].  
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Figure 3. Effects of changes in concavity index and steepness index on a graded channel 
(from Duvall et al., 2004). Large plots show graded channels with different values of 
concavity (top) and steepness (bottom). Insets show effect of changes on the data in log-
log space. 
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A plot where the data deviates from linearity, displaying increasing slope with increasing 
drainage area, signifies a change in Ks and/or θ, and represents a knickpoint (Snyder et 
al., 2000; Duvall et al., 2004).  These can be visually identified within log-log space as an  
increase or “jump” in slope [Fig. 4]. 
 Two different possibilities exist for knickpoint form within the log-log plot. The 
first, known as a vertical step knickpoint, is characterized by an increase in slope which 
subsequently decreases and returns to the same linear trend of the data prior to the 
knickpoint. The second, a slope break knickpoint, displays an increase in slope which 
then forms a new trendline with higher slopes than if the original trend had continued 
[Fig. 5] (Wobus et al., 2006; Wobus et al., 2010). Vertical step knickpoints are more 
often correlated with local phenomena such as resistant lithology or localized uplift, 
although they can also be generated by a short-lived regional change. Slope break 
knickpoints characterize many regional changes, such as a relative base level change or 
climate change. Slope break knickpoints usually represent long duration perturbations, 
because the channel has a chance to form a new graded condition in response. Although 
the type of knickpoint gives some information about the nature and time interval of the 
system change, they do not give definitive answers about knickpoint origins. 
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Figure 4. Knickpoints on five streams in log-log space (modified from Miller et al., 
2013). Each color represents a separate stream, with crosses marking data points. Colored 
circles mark knickpoints. Inset shows the theoretical propagation of these knickpoints 
through time. 
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Figure 5. Idealized vertical step and slope break knickpoints and their corresponding 
longitudinal profiles. Crosses mark data points and correspond to the log-log axes on the 
left and bottom; longitudinal profiles correspond to the linear axes on top and right. 
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IV. Research Goals and Study Area 
 This analysis aims to test whether the landscape within the study region is in a 
state of dynamic equilibrium or disequilibrium through an exploration of channel profiles 
and calculation of basin-averaged erosion rates. Evidence of fluvial incision in the study 
area, such as observed to the north and south (Miller et al., 2013; Gallen et al., 2013), 
would support a hypothesis for widespread disequilibrium in the Appalachian range. 
Conversely, evidence of dynamic equilibrium in the study area as evidenced by graded 
streams and uniform erosion rates would contradict studies suggesting broad-scale 
disequilibrium, and would rather support localized phenomena as an explanation for 
disequilibrium in those areas previously investigated.  To this end, our study area is 
located along the Appalachian range between basins which have been the result of 
significant past research, such as the Cullasaja and Susquehanna basins. 
The study area lies along the Blue Ridge Mountains, in the James River drainage 
basin [Fig. 6]. Geology of the region includes pre-Grenville basement gneisses and 
Grenville plutonic rocks, as well as metasedimentary units of the Chilhowee Group 
(Geologic map of Virginia, 1993). The northwestern portion of the study area, around the 
Maury River, is dominated by Cambrian to Devonian  limestones, dolostones, shales, and 
sandstones (Geologic map of the Natural Bridge quadrangle, 1968). The northeastern and 
central portion of the study area, which contains the Tye and Piney Rivers, is dominated 
by the Virginia Blue Ridge Basement Complex of Precambrian granodiorites, granites, 
and granitic gneisses (Geologic map of the Vesuvius quadrangle, 1965). Profile analysis 
within the study area focused on four basins draining the high elevation topography, the  
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Figure 6. Digital Elevation Model of study area topography. Inset shows location of 
DEM relative to Virginia state map. 
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Upper Tye watershed, South watershed, Buffalo watershed, and Pedlar watershed, which 
together encompass an area of 1400 km2 [Fig. 7].  
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Figure 7. Watersheds within study area chosen for profile analysis. 
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V. Methods 
A. Profile analysis 
This analysis uses a 10m resolution Digital Elevation Model from the USGS 
National Elevation Dataset in ESRI’s ArcMap 10.2. The DEM was first converted from 
the North American Datum of 1983 (NAD83) into the appropriate UTM projection, Zone 
17 North. It was then prepared for hydrologic analysis using standard ArcMap hydrology 
tools: Fill, Flow Direction, and Flow Accumulation. ArcMap layers required for analysis 
consist of the projected DEM, the accumulation raster created from the Flow 
Accumulation tool, and the World Hydro Reference Overlay from ArcGIS Online, which 
labels major rivers, streams, and drainage divides.  
Profiles were extracted and analyzed using GeomorphTools 
(www.geomorphtools.org) which runs in ArcMap and Matlab. Parameters must be set 
before running the analysis, and are held constant for all channels [Table 1]. We used a 
reference concavity of 0.75, higher than the standard range in the literature of 0.35 to 0.6 
(Kirby and Whipple, 2001).  Our value was selected by allowing concavity to be a free 
parameter for 25 streams throughout this study area and to the north, and averaging those 
true concavity values.  
Minimum accumulation values for the accumulation raster were chosen based on 
the drainage area which marks a shift from colluvially-dominated channels to fluvially-
dominated channels. The colluvial/fluvial break in a longitudinal profile presents as a 
shift from a roughly constant gradient value to steadily decreasing gradients; in other 
words, from a horizontal trend to a negatively sloped trend (Duvall et al., 2004) [Fig. 8]. 
We set our minimum accumulation to 5000 pixels, or 500,000 m2.  We based this value  
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Reference  
concavity 
Remove  
spikes? 
Step 
remover? 
Smooth  
profile? 
Smoothing 
Window 
(m) 
Contour  
sampling  
interval 
(m) 
Auto 
Ksn 
Window  
(km) 
Search 
distance 
(pixels) 
Minimum 
accumulation 
(pixels) 
0.75 Yes Yes Yes 250 12.192 0.5 10 5000 
 
Table 1. Parameters from “set parameters” window in GeomorphTools. Reference 
concavity set to 0.75 based on average concavities in the region. Artificial steps from the 
DEM were removed with a step remover, and the profiles were smoothed in a 250m 
moving window. Automated steepness index calculation routine used a 500m moving 
window. The minimum accumulation for a channel was set to 5000 pixels. 
 
 
 
 
 
 
 
Figure 8. Idealized depiction of stream profile data in log-log space (from Duvall et al., 
2004). Colluvial head of the channel is characterized by high but unchanging slopes. 
Bedrock fluvial section of the channel is characterized by linearly decreasing slopes.  
 23 
on the drainage area for colluvial/fluvial breaks in the same 25 streams analyzed for 
concavity, which averaged to 300,000 ± 430,000 m2. We adjusted the accumulation 
raster’s symbology so that all pixels which drained 0 to 5000 pixels were transparent, and 
all pixels which drained 5000 or greater pixels were red.  This allowed us to accurately 
select the fluvial channels. 
 We selected channel heads in ArcMap with the ‘select points’ option on 
GeomorphTools’ Profiler toolbar; this tool allows the user to select a point on the 
accumulation raster near the top of the channel. Each stream was numbered and named as 
the channel heads were selected. After channel selection, GeomorphTools imports data to 
the command window of Matlab for analysis. GeomorphTools creates six plots, among 
them a longitudinal profile, a plot of drainage area vs distance downstream, and a log-log 
plot of gradient vs drainage area [Fig. 9; for all profiles, see Appendix].  Most of the 
analysis is completed within the log-log plot, although other graphs may be used for 
reference. We selected points which bracketed linear sections of data on the log-log plot 
for the program to fit with regression lines, and selected points to mark along the channel 
which correspond to knickpoints.  
Knickpoints were visually identified as any increase in slope with increasing area 
which contained several data points. To avoid missing any knickpoints, we marked all 
suspected knickpoints and later discarded any which did not meet criteria for slope (≥0.3) 
or vertical drop (≥15 m) used in prior analyses (Gallen et al., 2011). For a vertical step 
type knickpoint, we marked the beginning, steepest point, and end of the knickpoint. We 
defined the beginning of a knickpoint as the first data point for which gradient increased 
above the linear trend, the steepest point as the highest value for gradient in the  
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Figure 9. Example plot created by GeomorphTools in Matlab for the South Fork of the 
Piney River. Top plot shows longitudinal profile, middle plot shows increasing drainage 
area with distance downstream, and bottom plot shows log-log graph of slope vs. 
drainage area. This plot has been fit with a regression line (fixed concavity in light blue, 
concavity as a free parameter in dark blue) and the start, steepest point, and end of each 
knickpoint are marked with blue circles. 
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knickpoint, and the end of the knickpoint as the data point just before a return to the 
original linear trend. For a slope break type knickpoint, only the beginning and steepest 
point of the knickpoint were marked, because slope break knickpoints do not return to the 
original linear trend; instead, they form a new, steeper trend below the knickpoint [Fig. 
10].  This methodology attempts to bracket the entire steep section, not just its beginning, 
so that the length of the knickzone along the river can be assessed.  
Once analysis has been completed in Matlab, the sections of the stream fit with 
regression lines can be brought into ArcMap with the ‘import streams’ option on the 
Profiler toolbar or manually by adding data and then exporting it as a shapefile. Similarly, 
knickpoints may be added into ArcMap with the ‘import knicks’ option or manually 
added. The data on knickpoint location can then be displayed and spatially analyzed in 
ArcMap. 
Additional data analysis conducted in ArcMap included comparison of knickpoint 
locations to lithologic contacts and extraction of basin hypsometry. Knickpoint locations 
were compared to georeferenced 15’ quadrangles where available, and the Virginia state 
geologic map shapefile where unavailable. Basin hypsometry was extracted from the 
DEM by first using the Extract by Mask tool to extract a DEM for each watershed. 
Elevation data was then reclassified into 100 equal-interval bins and exported. 
 26 
 
 
Figure 10. Method for marking knickpoints. A shows an idealized vertical step 
knickpoint, and B shows an idealized slope break knickpoint. Red boxes represent the 
data points that should be selected for each knickpoint. Captions alongside each red box 
note the classification for that point when marking points in the command window of 
Matlab. 
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B. Cosmogenic radionuclides 
 Longitudinal profile analysis will be supplemented with above- and below-
knickpoint cosmogenic radionuclide erosion rates.  These basin-averaged erosion rates 
will be determined above and below knickpoints on appropriate channels to look for 
differential erosion rates which would provide concrete evidence of disequilibrium. 
 Cosmogenic radionuclides are produced within minerals exposed to cosmic rays 
at the earth’s surface (Lal and Peters, 1967). Therefore, the concentration of 
radionuclides correlates to erosion rate – a grain which is eroded slowly will have a 
longer exposure to cosmic rays and a higher concentration of radionuclides (Granger et 
al., 1996).  Granger et al. (1996) verified cosmogenic radionuclide concentration in 
stream sediment is an accurate measure of basin-averaged erosion rates by comparing it 
to sediment quantity deposited in an alluvial fan. A landscape in adjustment should 
display higher erosion rates where the knickpoint has actively incised and lower erosion 
rates in the old, relict landscape. 
 To obtain cosmogenic erosion rates, sediment samples were collected above and 
below the knickpoint on a number of channels which drain to the Piney and Tye Rivers.  
Ideal channels to sample were those which had limited development or agriculture within 
their drainage basin, and were not close to roads, especially gravel and dirt roads which 
are particularly common in the area and which add a potentially significant amount of 
sediment which was originally external to the watershed. Of the samples collected, six 
were selected as the most pristine – above and below the knickpoint on the North Fork of 
the Piney River, the South Fork of the Piney River, and Durham Run. 
 28 
 Sample processing aims to isolate clean quartz sand from each sediment sample. 
The samples were first sieved to grain sizes of 0.25 to 0.50 mm. This size fraction was 
run through a series of acid leaches, first hydrochloric acid, followed by hydrofluoric 
acid. Once clean quartz was obtained, we began sample preparation for laboratory testing 
to measure their concentration of Beryllium-10. Samples will be sent to an external 
laboratory for testing to be completed. This data will be used to calculate basin-averaged 
erosion rates above and below each knickpoint and will supplement the longitudinal 
profile analysis by providing information about spatial variability in erosion rates. 
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VI. Results 
Longitudinal profile analysis of 72 streams in the four watersheds located 45 
knickpoints [See Appendix, tables 2-4], which are distributed around an area of high 
elevation in the northern portion of the study area [Fig. 11]. Vertical step form 
characterizes 29 of the 45 knickpoints, with the other 16 displaying slope break form. 
Average slope of the knickpoints is 0.12, and ranges from a low of 0.03 to a high of 0.29.  
31 out of the 45 knickpoints are contained within a single rocktype, most in the Blue 
Ridge Basement Complex [Fig. 12]. We interpret any knickpoints that occur within a 
single rocktype as migratory and those which cross rock types or coincide with geologic 
contacts as stationary. It should be noted that we did not classify knickpoints proximal to 
contacts between similar units, for example a granite and a granitic gneiss, as stationary. 
In addition to occurring largely within the same rock type, many of the 
knickpoints cluster at similar elevations. The overall distribution of all 45 knickpoints is 
unimodal, with a peak that centers around 700-900 m in elevation [Fig. 13]. Histograms 
of knickpoint frequency broken down by watershed demonstrate that knickpoints within 
each basin follow roughly the same pattern as the overall distribution, except within the 
South watershed, where the distribution is more bimodal [Fig. 14]. The South watershed 
contains some low-elevation knickpoints from tributaries draining topography on the 
northwestern side of the South river, where the landscape is lower in elevation overall. 
 Like the histograms, stacked longitudinal profiles for each watershed also 
demonstrate that these knickpoints cluster at a common elevation. The Upper Tye 
watershed contains 22 knickpoints, most of which cluster between 700-900 m elevation  
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Figure 11. DEM of study area with knickpoints plotted. Watersheds outlined in black. 
Start of each knickpoint marked with a green circle, steepest point of knickpoint with a 
yellow circle, and end of knickpoint with a red circle (where available for each 
knickpoint). 
 
 31 
 
 
 
 
Figure 12. Locations of knickpoints on top of georeferenced quadrangle-scale geologic 
maps. Quadrangles shown are Vesuvius (center) and Lexington (left). Legend shows 
units for Vesuvius Quad. Large goldenrod geologic unit (center of image) is mapped as 
Pedlar Formation, now called Blue Ridge Basement Complex. Start of each knickpoint 
marked with a green circle, steepest point of knickpoint with a yellow circle, and end of 
knickpoint with a red circle (where available for each knickpoint). 
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Figure 13. Histogram of knickpoint elevation in 100 meter mins. Elevation binned was 
the highest elevation to which a knickpoint reached (“start of steep section”). 
 
 
Figure 14. Histograms of knickpoint elevations, broken down by watershed. Elevation 
binned was the highest elevation to which a knickpoint reached (“start of steep section”). 
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[Fig 15]. In the South watershed, the low-elevation and high elevation knickpoints are 
clearly distinguishable. The high elevation knickpoints in the South basin are also found 
between roughly 700-900 m [Fig 16]. Although relatively few streams were analyzed 
within the Pedlar and Buffalo watersheds, knickpoints in both watersheds lie around the 
700-900 m range as well [Fig. 17, 18]. Overall, while not all knickpoints occur at the 
same elevation, a significant number do cluster within roughly 200 m of each other, with 
the distribution centered around roughly 800 m.  
Analysis of basin hypsometry shows the distribution of area within each 
watershed, and the spatial relationship between knickpoints and the distribution of area. 
Two watersheds, the Upper Tye and the South, display a pattern of hypsometry in which 
there is a “bump” or increase in the amount of area per bin at high elevations. In the 
Upper Tye watershed, this increase occurs from roughly 750 to 950 m in elevation; the 
window in the South watershed is broader, from roughly 850 to 1000 m in elevation. 
Comparing the increases in area to the locations of knickpoints in the watershed shows 
that these increases occur just at or above a group of knickpoints in both cases [Figs. 19 
and 20]. These patterns are not apparent in the Buffalo or Pedlar watersheds [Figs. 21 and 
22]. 
Cosmogenic radionuclide testing is ongoing in this study area. Samples have been 
processed to isolate quartz and prepare for radionuclide concentration analysis. Although 
cosmogenic radionuclide erosion rates have not yet been determined, these future results 
will have significant impacts on the interpretation of landscape disequilibrium within the 
study area. 
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Figure 15. Longitudinal profiles analyzed in the Upper Tye watershed. The start of each 
knickpoint is marked with a green circle. Steps have been removed from the profiles via a 
smoothed fit with number of points = 100,000.  
 
 
 
 
Figure 16. Longitudinal profiles analyzed in the South watershed. The start of each 
knickpoint is marked with a green circle. Steps have been removed from the profiles via a 
smoothed fit with number of points = 100,000 
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Figure 17. Longitudinal profiles analyzed in the Pedlar watershed. The start of each 
knickpoint is marked with a green circle. Steps have been removed from the profiles via a 
smoothed fit with number of points = 100,000 
 
 
 
Figure 18. Longitudinal profiles analyzed in the Buffalo watershed. The start of each 
knickpoint is marked with a green circle. Steps have been removed from the profiles via a 
smoothed fit with number of points = 100,000. 
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Figure 19. Hypsometry of the Upper Tye watershed with knickpoints marked. Gray 
histogram shows the normalized area in each of the 100 elevation bins. Black curve plots 
the normalized cumulative area. Vertical blue lines represent the start of a migratory 
knickpoint and vertical orange lines represent the start of a stationary knickpoint. 
 
 
 
 
Figure 20. Hypsometry of the South watershed with knickpoints marked. Symbology 
identical to Figure 19. 
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Figure 21. Hypsometry of the Buffalo watershed with knickpoints marked. Gray 
histogram shows the normalized area in each of the 100 elevation bins. Black curve plots 
the normalized cumulative area. Vertical blue lines represent the start of a migratory 
knickpoint. 
 
 
 
 
 
Figure 22. Hypsometry of the Pedlar watershed with knickpoints marked. Symbology 
identical to Figure 21. 
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VII. Discussion 
 This analysis has located a significant number of bedrock knickpoints on channels 
draining the Blue Ridge Mountains within the study area. Many of these knickpoints 
cluster within a 200 m elevation range, between approximately 700 and 900 meters above 
sea level. Knickpoint migration modeling demonstrates that knickpoints which share a 
common origin should occur at the same elevation in a watershed if all other variables, 
such as rock type and structural setting, are uniform (Niemann et al., 2001; Miller et al., 
2013). Because real-world migration rates are affected by variations in rock type, setting, 
and other non-uniform characteristics, knickpoints do not occur at exactly the same 
setting in a watershed. However, previous work has concluded that knickpoints falling 
within a 300 m elevation range is clustered enough to support a common source (Miller 
et al., 2013); therefore, we feel comfortable that the elevation distribution shown here 
supports a common origin for these knickpoints.  
This is consistent with previous work in the Cullasaja and Susquehanna River 
Basins, which found evidence for migratory knickpoints generating a wave of fluvial 
incision in both watersheds (Gallen et al., 2011; Gallen et al., 2013; Miller et al., 2013). 
Our knickpoints, falling between 700 and 900 m, occur at roughly the same elevation as 
the lowest set of knickpoints reported by Gallen et al., and slightly higher in elevation 
than those reported by Miller et al. In the Cullasaja basin, knickpoints fell in five 
altitudinal bands with the lowest band around 800 m elevation (Gallen et al., 2013). In the 
Susquehanna basin, knickpoints were a little lower in elevation, occurring between 300 
and 600 m elevation (Miller et al., 2013). 
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In addition, Gallen (2011) demonstrated patterns of hypsometry that result from a 
wave of fluvial incision in a watershed. There are similar patterns of hypsometry in the 
Upper Tye and South watersheds, with an increase in the amount of area above the 
knickpoints; however, this pattern is not present in the Pedlar and Buffalo watersheds. 
We interpret this increase in area as reflective of relict low-relief plateaus that have yet to 
be incised, where the steepening of hillslopes below the relict landscape results in less 
area per bin below the “bump” in area. The lack of this hypsometric pattern in the Pedlar 
and Buffalo watersheds is likely related to the smaller number of knickpoints as well as 
the smaller amount of area at high elevation in those watersheds and does not contradict 
the conclusions drawn from the Upper Tye and South watersheds. 
 We found an unexpected dominance of vertical step form knickpoints in the study 
area, although prior work done on Appalachian landscape equilibrium found generally 
slope break type knickpoints (Gallen et al., 2013; Miller et al., 2013). A vertical step 
knickpoint interrupts an otherwise graded stream, which indicates that a short-lived event 
generated these knickpoints, with a return to prior conditions afterwards. The difference 
in knickpoint form between our results and prior studies on Appalachian disequilibrium 
do not necessarily contradict each other, but it does suggest that the disturbance which 
caused the disequilibrium was not expressed uniformly throughout the range. One 
possible explanation which fits these results includes variable amounts and/or rates of 
uplift in different parts of the Appalachians, generating different knickpoint signals. 
Future work could explore the form of these knickpoints as compared to other 
Appalachian knickpoint systems. 
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We interpret these knickpoints as migratory, representative of a fluvial wave of 
incision propagating through the drainage network within the study area. This 
interpretation is based on common elevations between knickpoints, a lack of lithologic 
sourcing for most knickpoints, patterns of hypsometry which appear to reflect relict 
topography above the knickpoints, and similar results in other Appalachian watersheds 
(Miller et al., 2013; Gallen et al., 2013; Gallen et al., 2011; Harbor et al., 2005).  In 
particular, the Upper Tye watershed shows strong support for our interpretation, due to 
the number of knickpoints present, their common elevations, and the generally uniform 
underlying lithology. The South watershed has many similar features; while the 
distribution of knickpoint elevations is bimodal in the South watershed, many of the low-
elevation knickpoints appear to be lithologic, stationary knickpoints and are therefore 
independent of the migratory cluster. While the Pedlar and Buffalo watersheds contain 
many fewer knickpoints, we believe this is due to a relatively small amount of high 
elevation topography which resulted in fewer streams analyzed in these watersheds. 
This incision generated by this wave of migrating knickpoints increases erosion 
rates, steepening hillslopes and rejuvenating the topography. This analysis, in conjunction 
with previous studies (Miller et al., 2013; Gallen et al., 2011; Gallen et al., 2013; 
Hancock and Kirwan, 2007), supports the theory that the Appalachians are not in a state 
of dynamic equilibrium, but rather disequilibrium which has rejuvenated this ancient 
orogen. Possible mechanisms for knickpoint generation and consequent landscape 
rejuvenation include stream piracy, climate change, and mantle forcing. A lack of 
evidence for stream piracy means that we do not consider it a likely mechanism for 
rejuvenation in this study area, unlike elsewhere (Prince and Spotila, 2013). A transition 
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to a wetter climatic regime or changes in mantle flow dynamics therefore appear the most 
likely drivers of incision. In particular, mantle flow models demonstrate that eastern 
North America may have experienced on the order of hundreds of meters of uplift due to 
mantle flow changes resulting from the subduction of the Farallon slab (Moucha et al., 
2008). This is approximately congruent with the size of knickpoints observed in this and 
other study areas and therefore a compelling hypothesis for knickpoint origins. 
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VIII. Conclusions 
From this, we draw four major conclusions: 1) Many high elevation bedrock 
streams in the central Blue Ridge contain significant knickpoints (slope ≥0.03, total drop 
≥15 m); 2) A large percentage (>2/3) of these knickpoints have no apparent lithological 
origin; 3) The knickpoints often cluster at similar elevations within watersheds; and 4) 
Some watersheds contain low-relief, high elevation relict landscape above the 
knickpoints. These results are similar to characteristics of other Appalachian basins, 
where systems of migratory knickpoints have been located (Miller et al., 2013; Gallen et 
al., 2013; Gallen et al., 2011). We conclude that the migratory knickpoints and low-relief 
relict topography in our study area support this prior work and provide further evidence 
for widespread disequilibrium in the Appalachians. The cause of this disequilibrium 
remains unknown; however, we do not see evidence for drainage reorganization in this 
study area, as observed elsewhere (Prince and Spotila, 2013). We therefore propose 
climate change and/or mantle forcing as drivers of disequilibrium. 
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IX. Future work 
 Because this study has conducted a GIS-based analysis of Blue Ridge topography, 
many avenues of future work could strengthen the conclusions presented here.  First, 
completion of the cosmogenic radionuclide sample preparation and testing would provide 
quantitative erosion rates for both the relict topography above the knickpoints and the 
incised landscape below the knickpoints. A disparity between those erosion rates would 
strongly support landscape rejuvenation due to knickpoint migration. Second, we suggest 
a fieldwork-based analysis which measures bedrock hardness throughout the knickzone, 
eliminating much uncertainty generated by our use of geologic maps as a proxy for rock 
hardness in differentiating between migratory and stationary knickpoints. Finally, we 
encourage future work to also incorporate measurements of channel geometry along the 
length of the identified knickzones, to determine any increased stream power (and 
therefore erosion rates) due to channel narrowing. 
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XII. Appendix 
 
A. Tables
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Table 2. Knickpoint watersheds, tributary names, and underlying lithologies. 
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Table 3.  Knickpoint lengths, elevations, heights, and slopes. 
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Table 4. Watershed area above knickpoints, knickpoint distances from mouth, and 
knickpoint types and interpretations. 
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Table 5. List of stream numbers and names with the knickpoint number they contain. A 
dash indicates that the stream doesn’t contain a knickpoint. 
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B. Longitudinal Profiles from GeomorphTools 
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